Neuritic plaques are the histologic hallmark of Alzheimer's disease (AD); however, the extent to which they are injurious to neurons is unclear. In order to investigate this problem, we intracellularly filled human dentate granule cells with Lucifer yellow in a lightly fixed slice preparation and studied the relationships between their dendrites and neuritic plaques. After counterstaining for plaques and drawing the filled granule cell dendrites, we found that there were significant differences in the morphology of dendrites in control and AD cases; granule cell dendrites from Alzheimer's cases were generally shorter, branched less profusely, and had fewer spines than those from age matched controls.
Surprisingly, when dendrites traveled into plaques, they still bore spines and their morphology was distinct from that of the amyloid-stained dystrophic neurites surrounding them. Furthermore, within AD cases we found no significant differences between dendrites that were located directly beneath or passing through plaques and those that were located in plaque-free regions. We conclude that granule cell dendrites are not an integral component of plaques within their dendritic fields and that neuritic plaques have no direct effect on granule cells in the dentate gyrus.
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Since Alois Alzheimer's first case report in 1907 (Alzheimer, 1986 ) the presence of neuritic plaques in the hippocampus and the neocortex has been a major diagnostic criterion for Alzheimer's disease (AD) (Kachaturian, 1985; Mirra et al., 1991) . However, plaque number correlates only poorly with the clinical severity of the disease (Wilcock and Esiri, 1982) and it is unclear precisely what effect, if any, plaques have on neurons in their vicinity. Thus, the role plaques play in the neuronal pathology associated with AD is unresolved.
In an effort to understand the pathogenesis of plaque formation, previous investigations have studied the effects on surrounding neurons of an important plaque constituent, P-amyloid. Studies to determine if /I-amyloid is toxic have shown that intracerebral injection of /3-amyloid induces the degeneration ofneurons (Rush et al., 1992) and that the addition of@-amyloid peptides to cultured hippocampal neurons leads to neuronal degeneration within 3 d (Cotman et al., 1992) . These data have led to the suggestion that @-amyloid exerts a toxic effect and that neurons located near plaques with P-amyloid cores are therefore at risk (Yankner et al., 1990; Yankner and Mesulam, 199 1; Cotman et al., 1992) . However, this idea is controversial since other studies using the same approaches have not revealed neuronal damage (Games et al., 1992; Podlisny et al., 1992; Stein-Behrens et al., 1992) ; furthermore, some studies have revealed that under certain conditions in tissue culture, fi-amyloid promotes neurite outgrowth (Yankner et al., 1990; Koo et al., 1993) .
As another approach to understanding how plaques interact with adjacent neurons, we studied the relationship of granule cells in the dentate gyrus to the neuritic plaques in the molecular layer. We chose this neuronal population for two reasons. First, it is relatively homogeneous, facilitating possible morphological comparisons between neurons. Second, plaques in the dentate gyrus have a strong tendency to line up in the molecular layer approximately two-thirds of the way from the top of the hippocampal fissure (Crain and Burger, 1989 ) producing a precise spatial relationship to the dendrites of the granule cells. We reasoned that, given this spatial relationship, we might observe granule cell dendrites participating in plaques. Furthermore, we might also observe different changes in the dendrites depending on their location with respect to the plaques (Einstein and Crain, 1992) . Specifically, we asked the following questions. Do granule cell dendrites become dystrophic in the vicinity of the plaques? Do plaques displace or attract dendrites in their vicinity? Do plaques induce morphological changes such as sprouting or loss of dendritic integrity?
To obtain the answers to these questions, we filled granule cells intracellularly with Lucifer yellow to visualize thedendrites and we counterstained the tissue with thioflavin-S to visualize the plaques. By doing so we found no examples of dystrophic neurites arising from granule cells. While there were degenerative changes in the dendrites from the AD cases, they were present on dendrites within plaques, beneath plaques, and in plaque-free regions. Thus, granule cell dendrites do not appear to be integral components of plaques and the degenerative changes in granule cell dendrites do not appear to be related specifically to the presence of plaques. Taken together, these data suggest that plaques have no direct effect on granule cells.
Materials and Methods
We obtained blocks ofhippocampal tissue within 3 hr postmortem from five demented patients with autopsy-proven AD (Khachaturian, 1985 Arrows point to granule cell bodies that were intracellularly filled as a group but from which it was possible to trace dendrites from individual cells. ML, molecular layer; GCL, granule cell layer. years) and from three age-matched controls with ages ranging from 66 to 74 years (average = 7 1 years). The tissue was immediately placed in a mixture of cold 2.5% paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate buffer. After immersion for 90 min to 2 hr, the tissue was removed from fixative, rinsed in cold phosphate buffer (0.1 M, pH 7.4), sectioned at 300 pm on a vibratome, and prepared for intracellular injection as previously described (Einstein, 1988; Einstein et al., 1993) .
Intracellular injections with Lucifer yellow. Under epifluorescent illumination for Lucifer yellow (excitation wave length, 4X-490; Nikon filter cube B-2A) the granule cell layer was evident as a smooth band of small cell bodies located between the hippocampal fissure and the autofluorescent lipofuscin granules of the hilar neurons (Fig. 1 C) . Since, at the time of injection, we did not know where the plaques would be located in a given tissue slice, we intracellularly filled as many granule cells in a single dentate gyrus as possible; in most cases, this meant at least four and usually more completely filled granule cells per slice. The location of intracellularly filled cells in each tissue slice was plotted at low magnification (32 x) using a camera lucida and a white pencil on black paper.
Each slice with filled cells was then rinsed in phosphate buffer (0.1 M, pH 7.4), postfixed in 4% paraformaldehyde for at least 90 min, and infiltrated in 25% sucrose in phosphate buffer (0.1 M, pH 7.4).
Counterstaining for plaques and tangles. After determining the location of all the filled cells in a slice, we resectioned the slices at 60 pm on a freezing microtome. These sections were collected serially and the sections belonging to one 300 pm slice were mounted, together, on gelatin-coated slides where they were air dried for at least 48 hr before being counterstained for plaques and tangles with thioflavin-S (Guntern et al., 1992) and coverslipped with Aquamount. In this way we were able to visualize directly the relationships of granule cell dendrites to the senile plaques ( Fig. IA-C) .
Confocal imaging. One section with many examples of filled granule cells in the region of the plaques was analyzed with a confocal microscope (Bio-Rad, MRC 600). Using a 488 nm excitation and a 5 15 nm barrier filter, serial images of a single granule cell with dendrites passing through a plaque were collected in 2 pm increments through the entire plaque (-40 pm) for subsequent reconstruction and three-dimensional analysis.
These individual images were transferred to a workstation (Sun) and were enhanced and reconstructed using Sunvision software.
t Drawing granule cells. In both control and AD cases, we chose the best-filled granule cells to draw. We used an Olympus 100 x objective and a camera lucida to trace the cells with a white pencil on black paper. When granule cells were located under plaques or their dendrites passed around, through, or between two neighboring plaques, the outline of the plaque was drawn with respect to the dendritic field. Although the cells were originally filled in 300 pm slices, most filled cells had their cell bodies and dendritic tree in a single 60 Km section. If a cell body was present in one section and the dendritic tree in another, the processes in both sections were drawn and then reconstructed for quantitative analysis.
Morphometric analysis. We analyzed the dendritic morphology using the methods of Hanks and Flood (199 1) . First we measured the total dendritic length of each drawn gr&mlecell. We then subdivided the dendritic tree into segments (defined as the regions between branch points), measured the segments, and calculated an average segment length per neuron. Finally, we subclassified dendritic segments into "terminal, " "next to terminal," and "other" (i.e., proximal) and calculated average values for these regions. We determined the number of spines per unit length of the dendrites by counting the total number of spines and dividing that number by the total dendritic length. Where dendrites passed through plaques, their spines and the length of the dendritic segments in the plaques were counted and measured separately.
Statistical ana@sis. For statistical analysis, granule cells were placed in one of three categories: control, AD-plaque, and AD-interplaque. The values for each morphological parameter of the neurons in each of the three groups were compared and the differences between groups were determined using two-tailed Student's t tests.
Results
We intracellularly filled 100 granule cells in three age-matched controls and 178 cells in five cases with AD. On the average, we filled eight cells in each slice along a 2 mm length of the granule cell layer. After counterstaining the tissue with thioflavin-S, much of the autofluorescence was eliminated, yielding sections in which the Lucifer yellow-filled neurons stood out brightly against the background (Fig. l A-C) . In the control cases, without exception, there were no plaques in the molecular layer. In the AD cases, plaques in the pyramidal cell layers and the molecular layers were stained brightly (Fig. 1A) . Often we found that the plaques did not extend across the molecular layer and that the Lucifer yellow-filled granule cells were in regions that contained no plaques (Fig. 1B) ; we called these plaque-jve regions. However, more often, Lucifer yellow-filled granule cells were located between or underneath plaques (Fig. IC) . When they were located between plaques, we called these interplaque regions and when they were located beneath plaques, we called these plaque regions. Since no differences were found between neurons in the plaque-free and interplaque regions, these two categories were collapsed for subsequent analyses and are hereafter referred to, together, as interplaque regions.
Often, because granule cells have such small cell bodies, are so densely packed, and are joined by gap junctions, it was difficult to fill one cell body discretely. In these instances, even when dendrites were discretely filled, we often saw a blur of Lucifer yellow in the granule cell layer where the injection was made. However, upon drawing the cell body at high magnification it was possible to differentiate the individual cell bodies and to determine which dendrites belonged to them (Fig. 2) . The quality of intracellular filling varied from neuron to neuron and from case to case (see Einstein et al., 1993, for discussion) . We chose to analyze only the best neurons in each case, that is, those that had some dendrites that appeared filled to their terminal tips and had spines that were brightly fluorescent. This may have biased our results toward the granule cells that were the least damaged by AD. However, this approach did not eliminate the possibility of finding pathological changes in the AD cases because when granule cells were drawn, it was evident that, in comparison to the control examples, the dendritic trees of granule cells in the AD cases were severely attenuated and their spine number decreased.
Morphologyqfdendrites in controls. We analyzed four neurons from the control cases. As shown by others, the granule cell dendrites from this group were full and covered with spines (Figs. 3, 4 , 5B.C) (de Ruiter and Uylings, 1987; Flood et al., 1987) . They had relatively long dendrites with many dendritic segments and fairly long average segment lengths (Fig. SA,D 
,E).
Their terminal dendritic segments made up the largest proportion of their dendritic tree and their next-to-terminal dendrites made up the next largest proportion (Fig. 5F-H) .
Morphologic of dendrites in rnterplaque regions. We analyzed 11 granule cells located in interplaque regions. In these regions, granule cell dendrites appeared spindly with shrunken diameters, abnormal varicosities, and decreased numbers of spines (Figs. 6, 7) . The 35% difference between the average number of spines per millimeter of dendrites in the control and AD interplaque groups was statistically significant (Fig. 5C ). Compared to the dendrites in the control group, dendrites in the AD interplaque regions were about 50% shorter overall (p < O.OOl), with 33% fewer dendritic segments and 19% shorter average segment lengths (Fig. 5D,E) . As for the control cells, the terminal dendritic segments still made up the largest proportion of the dendritic tree. However, the dendritic trees of neurons located in interplaque regions were sparse and attenuated with shorter dendritic segments throughout their branches (Fig. 5F-H) . We saw no evidence of sprouting such as increased numbers of dendritic twigs or abnormal excrescences within or adjacent to plaques.
Morphology sf dendrites in plaque regions. At low magnification, using a conventional microscope, it appeared that the dendrites of granule cells lying beneath plaques often ended at the point at which the plaques began. However, granule cell dendrites did occasionally travel into the molecular layer beyond the plaques; in these cases, they often looked as though they had been pushed to one side of the plaque. There were also examples in which dendrites appeared to pass directly through the plaques (Fig. 9A) . Since it was difficult in the conventional light microscope to achieve a thin enough focal plane to discern the actual spatial relationship between the granule cell dendrites and the plaques, we optically sectioned a 60 pm slice of tissue into a series of two micron thick sections using a Bio-Rad MRC 600 confocal microscope. In this example, the dendrites did branch directly into the plaque (Fig. 8) . Therefore, we assumed that if a dendrite looked like it passed through a plaque, it probably did.
We analyzed nine neurons that had dendrites that were located directly beneath or within plaques (plaque regions). Whether the dendrites stopped short, pushed around, or passed through the plaques, they looked very much like the ones in inter-plaque regions (Figs. 9, 10) . As in the interplaque regions, dendrites in plaque regions appeared spindly, with shrunken diameters, abnormal varicosities, and decreased numbers of dendritic spines. When dendrites passed through the plaques, they maintained their structural integrity: they were not bloated and stringy as were the dystrophic neurites that stained with thioflavin-S. They were also distinct from the dystrophic neurites in that their shape in the plaque was continuous with their shape before they entered the plaque, and they continued to bear spines within the plaque (Fig. 9A-C) . As in the dendrites located in the interplaque regions, we saw no evidence ofsprouting.
There was a 44% difference in the number of spines/pm between plaque regions and control cases (p < 0.01). Compared to the dendrites in the control group, dendrites in the plaque regions had 57% shorter total dendritic lengths comprising both fewer dendritic segments and shorter average segment lengths (Fig. SA,D,E) . Again, only the difference in total length was statistically significant (p < 0.01) (Fig. 54) . The terminal dendritic segments still made up the largest proportion of their dendritic tree. However, all parts of the dendritic tree were severely shrunken (Fig. 5F-H) .
Interestingly, none of the values for dendrites in plaque regions differed significantly from those in the interplaque regions (Fig.  SA-If) . Thus, the dendritic trees ofgranule cells in plaque regions appeared sparse and attenuated, their overall appearance closely resembling that ofinterplaque cells both qualitatively and quantitatively.
Discussion
By intracellularly filling human dentate granule cells with Lucifer yellow in a lightly fixed slice preparation we were able to observe directl,y the relationship of the whole granule cell to neuritic plaques in the molecular layer of the human hippocampus. We found, in agreement with Golgi studies, that dentate granule cells suffer dendritic changes in AD; their dendrites decrease in length, shrink in diameter, develop abnormal varicosities, and lose spines (de Ruiter and Uylings, 1987; Flood et al., 1987) . The two new findings are (1) granule cell dendrites do not form abnormal neurites within plaques and (2) types of morphological changes to the dendrites occur whether or not the dendrites are located near plaques, pass through plaques, or are located in plaque-free regions. These findings suggest that the characteristic location of the plaques in the molecular layer is not determined by the location or branching pattern ofgranule cell dendrites and that plaques have no direct effect on granule cells.
The data displayed in Figure 5 indicate a slight tendency towards more severe dendritic changes in plaque regions. Howt ever, these differences were much smaller than the differences between AD and control cells and were never statistically significant. It might be argued that pre-and/or postmortem conditions differentially affected the quality of intracellular filling in the three groups and therefore produced artifactual distortions independent of AD-related changes or failed to reveal subtle changes in very fine processes (Einstein et al., 1993) . However, we do not think the lack of significant differences between dendrites located in interplaque and plaque regions can be attributed ._~ to poor filling since the cells examined lacked the typical features ofpoorly filled neurons (Einstein et al., 1993) . Furthermore, our data show the same statistically significant differences between granule cell dendrites in control and AD cases that previous studies using other methods have demonstrated (Flood and Coleman, 1986) . Our observation that granule cell dendrites entering plaques did not resemble dystrophic neurites in any way is noteworthy since other types of neurons do have dendrites that can be identified as dystrophic and that do participate in plaques (Probst et al., 1989) . However, in these cases the dystrophic neurites ML GCL -arose from tangle bearing neurons. The fact that granule cells rarely, if ever, contain neurofibrillary tangles may therefore explain why their dendrites did not contribute to plaques. This would suggest that proximity to plaques is not by itselfsufficient to induce the formation ofdystrophic neurites by all neighboring neurons.
Another key observation was the absence of morphologically abnormal sprouting in any portion of the granule cell dendritic tree, including portions that passed directly through plaques. While Golgi studies of pyramidal neurons have shown both dendritic (Scheibel and Tomiyasu, 1978; Probst et al., 1983;  Figure 8. Photomicrographs of optical sections of granule cell dendrites as they pass through plaques. The frames represented are separated by 6 pm each. Two plaques are present and the dendrites pass through both of them (D, H). Note in I how the plaque on the left ends before the dendrites do. Long arrows (C, F, I) point to dystrophic neurites in the plaques. Note that these are shorter and coarser than the dendrites originating from granule cell bodies. Short arrows (B) point to the edges of the two plaques. Arrowheads (E-H) point to spines on dendrites within the plaques. Ihara, 1988; Masliah et al., 1991) and axonal (Masliah et al., 1991) sprouting within or in the vicinity of plaques, our data indicate that, just as proximity to plaques does not necessarily induce dystrophic neurite formation, proximity to plaques does not necessarily induce abnormal sprouting. While we cannot rule out the possibility ofnormal dendritic sprouting throughout the molecular layer as a result of cholinergic reinnervation, it cannot be determined by our experimental paradigm. However, in contrast to the normal dendritic sprouting observed in experimental animals after entorhinal cortical lesions (Mathews et al., 1976; Caceres and Steward, 1983) , it has been noted that there is an apparent lack of normal dendritic sprouting in AD (Flood and Coleman, 1986) .
ML
If the plaques are not directly affecting granule cell dendrites, what then is responsible for the atrophy and spine loss on granule cells in AD? We think a likely candidate for this destruction is simple denervation. The types of dendritic changes that we see are consistent with the morphological changes observed after deafferentation (Kemp and Powell, 197 1) and, specifically, deafferentation due to perforant pathway ablation (Parnavelas et al., 1974; Caceres and Steward, 1983; Nitsch and Frotscher, 199 1) . The well-documented loss of the pyramidal neurons in entorhinal cortex in AD, as well as the loss of lesser afferent sources such as the septal neurons, deprives the granule cells of their major inputs (Hyman et al., 1984; Gertz et al., 1987; Lippa et al., 1992) . Indeed the net loss of synapses in the outer molecular layer is directly proportional to the loss of entorhinal cortical neurons (Lippa et al., 1992) . Thus, the loss of inputs and their trophic or activity-dependent influences might well be more responsible for the shrinkage of the dendritic tree and loss of dendritic spines than any local toxic effects of plaque constituents.
The absence of specific plaque-related changes in the granule cell's dendritic tree does raise the fundamental issue of why plaques have been associated with changes in neurons and their dendrites elsewhere in cortex. One possibility is that some neuronal populations might be more susceptible to plaque-induced damage (Mountjoy et al., 1983; Pearson et al., 1985) . Alternatively, plaques or their components (e.g., @-amyloid) might only be detrimental or trophic under certain as yet to be defined conditions (Yankner, 1990 ). Finally, it is possible that the coincidence of plaques with neuronal changes is just that-coincidence, with multiple pathogenetically independent processes overlapping in space and time. This would imply that plaque formation is only one of multiple toxic/degenerative processes in AD.
